Introduction
============

Brown adipose tissue (BAT) is a specialized tissue whose main function is to produce heat. In small mammals, it is located in discrete depots and has largely been investigated for its role in thermogenesis (Cannon and Nedergaard, [@B9]; Sell et al., [@B81]; Richard et al., [@B67]; Richard and Picard, [@B69]). The heat-producing capacity of BAT is such that it allows small mammals such as rats and mice to live at temperatures as low as 4°C without shivering.

The activation of BAT thermogenesis is under the strict control of the sympathetic nervous system (SNS). BAT is richly innervated by the postganglionic neurons of the efferent branches of the SNS (Bartness et al., [@B6]). These neurons release noradrenaline (NA), whose action on β-adrenergic receptors triggers the breakdown of triglycerides into fatty acids, which not only serve as energy source for thermogenesis but also act as the stimulators of BAT thermogenic activity (Nicholls and Locke, [@B59]). The SNS activity in BAT is governed by the brain autonomic centers including hypothalamus and brainstem, which are regions involved in the cold-induced thermogenesis (Morrison, [@B51]) and energy balance regulation (Richard, [@B66]; Richard and Picard, [@B69]).

We now have evidence that BAT is not only found in small mammals but also in adult humans (Nedergaard et al., [@B55]; Cannon and Nedergaard, [@B11]; Enerback, [@B19],[@B20]; Richard et al., [@B67]). A number of studies involving imaging procedures such as positron emission tomography/computed tomography (PET/CT) scanning have revealed symmetrical distribution of metabolically active brown fat depots around cervical, clavicular, and paraspinal regions in humans (Cypess et al., [@B15]; van Marken Lichtenbelt et al., [@B94]; Virtanen et al., [@B95]; Zingaretti et al., [@B101]). Recent progress has also been made in our understanding of various factors that affect the prevalence and activity of BAT in humans (Cypess et al., [@B15]; Saito et al., [@B77]; van Marken Lichtenbelt et al., [@B94]; Ouellet et al., [@B61]; Wang et al., [@B96]; Yoneshiro et al., [@B98]).

This short article is aimed at reviewing (i) the brain circuits, essentially those pertaining to the metabolic brain melanocortin system, that control SNS-mediated BAT thermogenesis and (ii) our current understanding of the factors determining the prevalence or detection of BAT depots in humans.

BAT Thermogenesis
=================

Brown adipose tissue was first observed in 1551 by the Swiss naturalist Konrad Gessner, who described it as being "neither fat nor flesh (*nec pinguitudo nec caro*)" (Gesner, [@B28]; Cannon and Nedergaard, [@B10]). The brownish appearance of BAT indeed contrasts with that of the white adipose tissue (WAT) whose role is to store lipids predominantly. Furthermore, brown adipocytes have a developmental origin that largely differs from that of the white adipocytes (Seale et al., [@B80]; Tseng et al., [@B92]). In that respect, brown but not white adipocytes develop from myogenic factor 5 (Myf5)-expressing myoblasts under the action of the transcription factor PRD1-BF1-RIZ1 homologous domain-containing 16 (PRDM16; Cannon and Nedergaard, [@B10]; Kajimura et al., [@B39]; Seale, [@B79]). The extraordinary thermogenic capacity of BAT is conferred by the presence of uncoupling protein 1 (UCP1), a protein uniquely found in the brown adipocytes. UCP1 is a mitochondrial inner membrane protein that is capable of uncoupling mitochondrial oxidation from ATP synthesis, in a process that triggers heat production through enhanced cellular respiration (Nicholls and Locke, [@B59]).

Owing to its tremendous thermogenic potential, BAT is viewed as a potential target to increase energy expenditure and combat obesity. Animal data support a role for BAT thermogenesis in energy homeostasis. Chronic reduction in SNS-mediated BAT thermogenesis parallels the reduction in energy expenditure exhibited by various animal models of obesity (also exhibiting enhanced energy intake) such as the leptin deficient *ob*/*ob* mouse (Trayhurn et al., [@B89]), leptin-receptor deficient *db*/*db* mouse (Goodbody and Trayhurn, [@B30]), leptin-resistant *fa*/*fa* rat (Marchington et al., [@B49]), and melanocortin-4 receptor (MC4R)-ablated obese mice (Ste et al., [@B86]; Balthasar et al., [@B4]). A decrease in SNS-mediated BAT thermogenesis associated with reduced energy expenditure has also been reported in animals seeking to spare energy such as rats subjected to energy restriction (Rothwell and Stock, [@B72]) as well as in lactating (Trayhurn and Richard, [@B90]) and pregnant rodents (Andrews et al., [@B1]).

Further support for the role of BAT in energy balance was the recent finding that *Ucp1*-ablated mice displayed a reduction in adaptive thermogenesis accompanied by an increase in fat gain, which was exacerbated by high-fat feeding (Feldmann et al., [@B22]). It is noteworthy that *Ucp1*-ablated mice gained excess fat only when they were housed at a thermoneutral temperature (29°C). Interestingly, lack of UCP1 *per se* would apparently not increase metabolic efficiency in the *Ucp1*-deficient mice housed below 29°C (Kozak and Anunciado-Koza, [@B42]), except in old mice (Kontani et al., [@B41]), or in mice chronically fed an energy-dense palatable diet (Nedergaard et al., [@B57]). The absence of changes in the energy balance following *Ucp1* loss/gain-of-function under certain circumstances, should not be considered to invalidate the importance of BAT in energy balance. It is important to consider that the complex brain circuitries controlling SNS-mediated BAT thermogenesis can and do activate alternative thermogenic pathways in animals with defective BAT. A well-developed/organized BAT thermogenic machinery can certainly be an asset upon which the brain can rely to efficiently control energy expenditure and hence regulate energy balance.

Brain Circuits Involved in SNS-Mediated Control of BAT Thermogenesis and Energy Homeostasis
===========================================================================================

Brown adipose tissue depots are richly innervated by SNS postganglionic neurons, and it is through the SNS, and hence via adrenergic receptors, that BAT thermogenesis is physiologically controlled (Cannon and Nedergaard, [@B9]; Bartness et al., [@B6]). Although thermogenic capacity of BAT can be significantly enhanced by the use of agents such as peroxisome proliferator-activated receptor γ (PPARγ) agonists, the actual thermogenic activity of the tissue is critically dependent upon the adrenergic tone to BAT (Sell et al., [@B82]; Festuccia et al., [@B23]). Cold exposure and overfeeding increases noradrenaline (NA) turnover rate in BAT (Landsberg et al., [@B45]) and, remarkably, neither cold nor overfeeding induce thermogenic activity in mice lacking β-adrenoreceptors (β-less mice; Bachman et al., [@B3]; Jimenez et al., [@B38]; Lowell and Bachman, [@B48]).

Sympathetic nervous system-mediated BAT thermogenesis is controlled by the hypothalamic and brainstem nuclei such as the preoptic area (POA), arcuate hypothalamic nucleus (ARC), paraventricular hypothalamic nucleus (PVH), dorsomedial hypothalamic nucleus (DMH), periaqueductal gray (PAG), and raphé pallidus (RPA; Grill, [@B31]; Berthoud and Morrison, [@B7]; Richard et al., [@B67]; Morrison, [@B51]; Richard and Picard, [@B69]). All of these nuclei contain neurons expressing chemical mediators and receptors involved in the control of SNS-mediated BAT thermogenesis. The brain circuits involved in energy balance regulation differ slightly from those involved in thermoregulatory thermogenesis. The latter have been the subject of excellent reviews elsewhere (Morrison, [@B51]; Nakamura, [@B53]) and will not be discussed here. This section will review the recent advances made in our understanding of the melanocortin system, which represents the most significant regulator of energy homeostasis.

The melanocortin system is a key player in the control of SNS-mediated BAT thermogenesis in relation to energy homeostasis
--------------------------------------------------------------------------------------------------------------------------

The brain "metabolic" melanocortin system consists of (i) ARC neurons producing the proopiomelanocortin (POMC) fragment, α-melanocyte-stimulating hormone (αMSH), (ii) neurons harboring the melanocortin receptor 4 (MC4R), (iii) and ARC neurons synthesizing agouti-related protein (AgRP), an endogenous antagonist of the MC4R. The ARC neurons that synthesize AgRP also express NPY, which is a well-recognized anabolic neuropeptide (Herzog, [@B35]; Nguyen et al., [@B58]). The "catabolic" role played by the brain melanocortin system has been acknowledged previously (Garfield et al., [@B25]; Mountjoy, [@B52]; Corander and Coll, [@B14]; De Jonghe et al., [@B16]; Pandit et al., [@B62]). Loss-of-function mutations of the key players of this system (for instance POMC or MC4R) have been reported to cause massive obesity in laboratory animals (De Jonghe et al., [@B16]) and humans (Farooqi and O'Rahilly, [@B21]; Tao, [@B87]).

It is noteworthy that ARC POMC and AgRP/NPY neurons are known to be leptin-sensitive, which further corroborates the role of the melanocortin system in energy homeostasis. Upon activation by leptin, POMC neurons release the catabolic fragment α-MSH from nerve terminals found in several brain regions that express MC4R. Moreover, leptin inhibits AgRP/NPY neurons and MC4R deficiency has been shown to blunt the ability of leptin (be it injected centrally or peripherally) to increase Ucp1 expression in BAT and WAT (Zhang et al., [@B100]).

Hypothetical melanocortinergic circuits controlling SNS-mediated BAT thermogenesis
----------------------------------------------------------------------------------

In an attempt to delineate the circuits pertaining to the melanocortin system controlling SNS-mediated BAT thermogenesis, we have identified numerous brain populations of MC4R mRNA-harboring neurons that are polysynaptically (through several synapses) connected to BAT, using transneuronal viral retrograde tract-tracing technique (Song et al., [@B85]). It was estimated that 84, 83, and 77% of the neurons expressing MC4R found in the PVH, PAG, and POA brain regions, respectively, were connected to interscapular BAT in rats (Song et al., [@B85]). Since the absolute total number of neurons from each of these three region that connect to BAT is very high in, one can confidently infer that MC4R neurons found in the PVH, POA, and PAG brain regions are all unquestionably part of the circuits that control BAT thermogenesis (Morrison, [@B51]; Richard and Picard, [@B69]).

An increase in BAT thermogenesis was reported when MC4R agonist melanotan 2 (MT2) was injected in the PVH (Song et al., [@B85]), further demonstrating that the MC4R neurons of the PVH promote BAT-mediated thermogenesis. The phenotype of the MC4R neurons of PVH that are connected to BAT remains to be ascertained. However, it is likely that neurons expressing oxytocin (OT) and the cannabinoid receptor 1 (CB1; Richard et al., [@B68]; Gelez et al., [@B26]; Ghamari-Langroudi et al., [@B29]) could directly project to the intermediolateral column (IML) of the spinal cord in order to control the SNS neurons linked to BAT (Song et al., [@B85]). Recent data from our laboratory has further demonstrated that CB1 agonism can blunt MT2-induced oxygen consumption and UCP1 expression in BAT (Roffarello and Richard, unpublished results), pointing toward an interaction between the melanocortin and cannabinoid pathways in the regulation of BAT-mediated thermogenesis.

With 83% of its 1337 MC4R positive neurons (some 1165 neurons) synaptically linked to the iBAT (Song et al., [@B85]), the PAG would represent the next brain region (after PVH) containing the largest population of MC4R neurons connected to BAT (Song et al., [@B85]). This neuro-anatomical finding leaves little doubt about the potential involvement of PAG in the MC4R-agonism-mediated regulation of BAT thermogenesis. The ventrolateral division of the PAG has been reported to receive direct projections from the ARC (Guo and Longhurst, [@B32]; Li et al., [@B46]) and then to project to the RPA (Li et al., [@B47]), wherefrom 5-hydroxytryptamine neurons in turn were found to project to the IML, likely to control the SNS outflow to BAT (Morrison, [@B50], [@B51]). In addition, other studies have demonstrated a direct involvement of the PAG in the regulation of BAT-mediated thermogenesis (de Menezes et al., [@B17]; Rathner and Morrison, [@B65]).

After the PVH, the POA comprises the second largest population of hypothalamic MC4R neurons that are connected to iBAT (Song et al., [@B85]). The role of the POA in regulating BAT thermogenesis has been acknowledged previously (Nakamura et al., [@B54]; Nakamura, [@B53]). However the neuronal circuits through which MC4R neurons of POA control BAT-mediated thermogenesis have yet to be delineated. The POA contains gamma-aminobutyric acid (GABA) neurons that project to the DMH, where they inhibit excitatory neurons that send projections to the brainstem in order to connect with the premotor neurons governing the activity of the SNS efferent neurons (Nakamura et al., [@B54]; Morrison, [@B51]; Nakamura, [@B53]). Interestingly, similar to prostaglandin E2 (PGE2; Nakamura et al., [@B54]; Morrison, [@B51]; Nakamura, [@B53]), MC4R POA neurons could inhibit the POA GABA neurons projecting to the DMH to ultimately release their inhibition on neurons promoting SNS activity to BAT.

Overall, it is apparent that the melanocortin system exerts its control on the SNS-mediated BAT thermogenesis via various neuronal populations of hypothalamus and brainstem regions. Future studies would be required to better characterize these neurons and extend our current understanding on this subject.

BAT in Adult Humans
===================

In the last decade, various studies using PET/CT scanning with ^18^fluorodeoxyglucose (^18^FDG; often aimed at screening tumors) have demonstrated the presence of metabolically active fat depots within the cervical, supraclavicular, and paraspinal regions in adults humans (Nedergaard et al., [@B55]; Cannon and Nedergaard, [@B11]; Enerback, [@B19],[@B20]; Richard et al., [@B67]). These depots were characterized as being BAT with cells having multilocular cytoplasm and abundant mitochondria (Zingaretti et al., [@B101]). Moreover, these fat depots were reported to have rich SNS-innervations and to express Ucp1, the ultimate marker of the brown adipocytes (Cypess et al., [@B15]; van Marken Lichtenbelt et al., [@B94]; Virtanen et al., [@B95]; Zingaretti et al., [@B101]). Additionally, ^18^FDG-detected BAT was found to express mRNAs encoding other proteins such as type II iodothyronine deiodinase (DIO2), PPARγ-coactivator-1α (PGC1α), PRDM16, and β3-adrenergic receptor (Virtanen et al., [@B95]), all of which are known to be the key players in mediating BAT thermogenesis.

The prevalence of ^18^FDG-detectable BAT is determined by a series of factors including age, sex, body mass index (BMI), outdoor temperature preceding PET/CT scanning and the diabetes status of the individuals. The detection of metabolically active BAT has been shown to (i) decrease with age (Cypess et al., [@B15]; Saito et al., [@B77]; Zingaretti et al., [@B101]), (ii) inversely correlate with BMI and fat content (Cypess et al., [@B15]; Saito et al., [@B77]; Zingaretti et al., [@B101]), (iii) increase with exposure to low temperatures (Cohade et al., [@B12]; Garcia et al., [@B24]; Kim et al., [@B40]; Cypess et al., [@B15]; Saito et al., [@B77]), (iv) be higher in women than men (Cypess et al., [@B15]), and (v) to be lower in diabetic than non-diabetic patients (Cypess et al., [@B15]). In large cohorts of adult humans screened for cancer, the detection/prevalence of BAT was estimated to be relatively low (5--10% and below; Cypess et al., [@B15]; Ouellet et al., [@B61]). This obviously represents an underestimation of the true prevalence of BAT. In fact, the presence of BAT is not ineluctably detectable during PET scans in cancer screening investigations, as BAT needs to be stimulated to exhibit ^18^FDG uptake. The true prevalence of BAT is much higher than 5--10% and we (Ouellet et al., [@B60]) and others (van Marken Lichtenbelt et al., [@B94]) have reported a near 100% BAT prevalence in cold-exposed young human subjects. PET/CT investigations with large cohorts have nonetheless proved invaluable for meaningfully scrutinizing various determinants of the BAT prevalence.

BAT distribution in children and adult humans differs from that of human neonates and small mammals
---------------------------------------------------------------------------------------------------

The pattern of BAT distribution in adult humans differs from that seen in human neonates (Enerback, [@B19]) and small laboratory rodents such as rats and mice (Cannon and Nedergaard, [@B9]). In contrast to rodents, humans do not possess a prominent interscapular BAT depot. In adult humans (Ouellet et al., [@B61]) as well as in children and adolescents (Drubach et al., [@B18]), the most easily detectable and the most prominent BAT depot is located in the supraclavicular area. This depot exhibited the highest ^18^FDG uptake activity following cold exposure (van Marken Lichtenbelt et al., [@B94]) and was also described as the USA-fat (Uptake in Supraclavicular Area Fat) in one of the decisive studies identifying BAT using PET/CT scanning (Cohade et al., [@B13]). In addition, BAT is also noticeably seen in the cervical and paraspinal areas in both children and in adults (Enerback, [@B19]; Richard et al., [@B67]; Richard and Picard, [@B69]). Figure [1](#F1){ref-type="fig"}A demonstrates the PET/CT images of a 5-year-old boy showing the presence of ^18^FDG uptake activity in various fat depots, whereas Figure [1](#F1){ref-type="fig"}B represents the PET/CT images of a 35-year-old women showing the presence of ^18^FDG-detectable BAT in the supraclavicular, peri-spinal, mediastinal-, pericardial, peri-aortic, and peri-adrenal sites. We (Chechi et al., unpublished observations) and others (Sacks et al., [@B76]; Sacks and Fain, [@B75]) have recently observed that human epicardial fat depot expresses significant levels of Ucp1, indicating that BAT is present around the heart.

![**Brown adipose tissue (BAT) distribution in a pediatric (A) and adult (B) human**. **(A)** The PET/CT scans of a 5-year-old boy taken 60 min after an i.v. injection of 5 mCi ^18^FDG. Red arrow shows the supraclavicular BAT, yellow arrow shows the peri-spinal BAT depots and blue arrow shows the peri-adrenal BAT depot in **(a)** coronal view (postero-anterior projection). The Supraclavicular BAT is also illustrated in a transversal series of **(b)** PET, **(c)** CT, and **(d)** fusion views of the cervical--supraclavicular region. Red circles denote the supraclavicular BAT in **(b--d)**. **(B)** The PET/CT scans of a 35-year-old woman taken 60 min after an i.v. injection of 5 mCi ^18^FDG. First row shows the transversal section of the aortic arch. Red arrows denote the peri-spinal BAT depots and the blue arrows point to the mediastinal BAT depots on PET (left panel), CT (middle panel), and fusion scans (right panel). Second row shows the transversal section of the hepatocardiac section, where yellow arrows point to the peri-aortic BAT depots and the green arrow points to the pericardial BAT depots. Third row shows the transversal section of the adrenal gland, where orange arrows point to the peri-adrenal BAT depots. PET/CT, positron emission tomography/computed tomography; ^18^FDG, ^18^fluorodeoxyglucose; i.v., intravenous; BAT, brown adipose tissue.](fendo-03-00036-g001){#F1}

Human BAT activity is under the control of the SNS
--------------------------------------------------

The detection of ^18^FDG-detectable BAT in humans is also modulated by the use of β-blockers (Tatsumi et al., [@B88]; Jacobsson et al., [@B37]; Parysow et al., [@B63]; Soderlund et al., [@B83]; Cypess et al., [@B15]). Soderlund et al. ([@B83]) demonstrated that a single dose of 80 mg of propranolol (taken 2 h before FDG administration) led to the complete attenuation of ^18^FDG uptake in BAT. On the other hand, patients with pheochromocytoma were reported to exhibit intense ^18^FDG uptake in BAT (Hadi et al., [@B33]; Kuji et al., [@B43]; Yamaga et al., [@B97]), which disappeared following the resection of the catecholamine-secreting tumors (Hadi et al., [@B33]; Yamaga et al., [@B97]).

BAT prevalence/detection decreases with age
-------------------------------------------

Age represents a significant determinant of ^18^FDG-detectable BAT (Truong et al., [@B91]; Gelfand et al., [@B27]; Cypess et al., [@B15]; Saito et al., [@B77]). In cohorts of patients under cancer surveillance, people exhibiting ^18^FDG uptake sites were reported to be on average younger than those showing no sign of ^18^FDG-detectable BAT (Cypess et al., [@B15]; Zingaretti et al., [@B101]; Ouellet et al., [@B61]). In a recent investigation aimed at assessing the prevalence and determinants of BAT ^18^FDG uptake in children and adolescents screened for tumors, Drubach et al. ([@B18]) reported prevalence of detectable BAT of above 40%, with the highest BAT activity seen in the 13- to 15-years-old age group. A prevalence of above 40% in children/adolescents tested in conditions that do not necessarily activate BAT has to be considered as being high and much higher than that of 5--10% seen in cohorts of adult patients tested in similar conditions. Consistent with this, in our cohort of adult patients tested for cancer, we observed a decrease in the detection/prevalence of BAT with age in both men and women (Ouellet et al., [@B61]). In addition, Saito et al. ([@B77]) reported a prevalence of cold-induced BAT ^18^FDG uptake in 52% (16/31) of subjects aged between 23 and 35 years, compared to 8% (2/24) of subjects aged between 38 and 65 years. Altogether, the literature suggests that age reduces the thermogenic capacity of BAT, which renders BAT detection by PET/CT less probable (Richard et al., [@B67]).

BAT prevalence/detection decreases with increased fatness
---------------------------------------------------------

The detection of BAT appears strongly influenced by BMI and body fat in humans of all age groups (Cypess et al., [@B15]; Saito et al., [@B77]; van Marken Lichtenbelt et al., [@B94]; Drubach et al., [@B18]; Ouellet et al., [@B61]; Wang et al., [@B96]; Yoneshiro et al., [@B98]). Specifically, BAT activity was reported to be inversely correlated to BMI (Cypess et al., [@B15]; Ouellet et al., [@B61]), body fat (Saito et al., [@B77]; van Marken Lichtenbelt et al., [@B94]; Yoneshiro et al., [@B98]), and visceral obesity (Wang et al., [@B96]). Noteworthily, Saito et al. ([@B77]) reported that the only two subjects with active BAT (out of 24) in an age group of 38--65 years were the two leanest subjects. The same investigators also provided evidence to support a negative association between BAT activity and the accumulation of body fat with age (Yoneshiro et al., [@B98]). van Marken Lichtenbelt et al. ([@B94]), who reported an inverse relationship between cold-induced ^18^FDG uptake activity in BAT with both BMI and percentage of body fat, emphasized that the sole subject (out of 24), who resisted cold-induced BAT ^18^FDG uptake in their study, was the one displaying the largest BMI (38.7) and percentage of body fat (41.8%).

BAT detection/prevalence increases with low temperature
-------------------------------------------------------

In addition to age and body fat mass, the outdoor temperature on the day of ^18^FDG PET/CT scanning may be a major determinant of BAT detection. Expectedly, the colder the temperature at the time of scanning, the higher is the prevalence of ^18^FDG-detectable BAT (Cohade et al., [@B12]; Kim et al., [@B40]; Ouellet et al., [@B61]). Not surprisingly, this BAT prevalence varies with seasons, being higher in winter than in summer (Cohade et al., [@B12]; Au-Yong et al., [@B2]; Cypess et al., [@B15]; Saito et al., [@B77]; Ouellet et al., [@B61]). Winter could enhance the stimulating effect of acute cold exposure on the ^18^FDG uptake in BAT (Saito et al., [@B77]), likely by increasing BAT capacity (Richard et al., [@B67]; Ouellet et al., [@B61]). The seasonal effects on BAT detection has also been linked to changes in the photoperiod (Au-Yong et al., [@B2]). However, we found that the outdoor temperature on the day of testing was a stronger determinant of BAT detection than the photoperiod (Ouellet et al., [@B61]). The notion that environmental temperature is a major determinant of ^18^FDG-detectable BAT prevalence is also consonant with the early data reported by Huttunen et al. ([@B36]), who demonstrated a higher prevalence of BAT-related enzymes in the adipose tissue biopsies of outdoor workers compared to indoor workers.

BAT detection/prevalence is higher in women than men
----------------------------------------------------

Sex represents another factor that influences BAT detection in humans, since women exhibit higher prevalence than men (Hany et al., [@B34]; Cohade et al., [@B13]; Truong et al., [@B91]; Rousseau et al., [@B74]; Cypess et al., [@B15]). Cypess et al. ([@B15]) reported positive scans for ^18^FDG uptake sites in 76 of 1013 women (7.5%) and 30 of 959 men (3.1%), corresponding to a female/male ratio of more than 2:1. We also observed a similar pattern of BAT prevalence in women compared to men in our cohort (Ouellet et al., [@B61]). In addition, women were reported to exhibit greater BAT mass and higher ^18^FDG uptake activity (Cypess et al., [@B15]). Interestingly, we observed that the sex effect on the detection/prevalence of BAT tended to disappear in aging humans (Ouellet et al., [@B61]), indicating the potential role of female sex hormones in BAT thermogenesis. In that respect, it is worth mentioning that the prevalence of detectable BAT did not differ between boys and girls prior to puberty (Drubach et al., [@B18]).

The reason as to why women exhibit a higher detection of ^18^FDG-BAT (after puberty and prior to menopause) is not known. The possibility however exists that women experience more cold sensation at a given temperature than men, which is supported by human and animal studies (Quevedo et al., [@B64]; Rodriguez et al., [@B70]; Rodriguez-Cuenca et al., [@B71]; Valle et al., [@B93]). This hypothesis needs to be further substantiated in future human cohorts.

Diabetes lowers detection of BAT
--------------------------------

We recently demonstrated that prevalence of ^18^FDG-detectable BAT was lower in the diabetic subjects (1.8%) than the non-diabetic subjects (11.5%; Ouellet et al., [@B61]), which is in line with the observations made by Cypess et al. ([@B15]). However, the mechanisms linking diabetes to a reduced detection of BAT remain to be delineated.

BAT-mediated thermogenesis may represent a significant energy-consuming process in humans
-----------------------------------------------------------------------------------------

Our recent series of experiments with ^11^C-acetate (Ouellet et al., [@B60]), a PET tracer used to assess tissue oxidative metabolism (Labbe et al., [@B44]), convincingly demonstrated the metabolic importance of BAT in non-shivering thermogenesis in young adults. Our subjects were studied under well-controlled cold exposure conditions designed to minimize shivering (Ouellet et al., [@B60]). We observed a significant 1.8-fold increase in the total energy expenditure (excess expenditure of some 250 kcal over 3 h of cold exposure), which was suggested to be due, in large part, to an increase in BAT-mediated non-shivering thermogenesis associated with an increase in intracellular fat depletion. We indeed observed a significant increase in the radio-density of BAT after cold exposure, indicating that BAT triglyceride content was reduced by cold exposure (Ouellet et al., [@B60]). By demonstrating the involvement of BAT in the non-shivering thermogenesis of young adults, our results (Ouellet et al., [@B60]) add to the previous findings that BAT detection is reduced by aging and fatness, and lend further support for the participation of BAT in energy homeostasis. Incidentally, the relative difficulty in detecting adaptive thermogenesis in humans (Schoeller, [@B78]) does not necessarily argue against the role of BAT thermogenesis in energy homeostasis, as it parallels the difficulty in detecting BAT. Future metabolic studies conducted in the cold-adapted young individuals would possibly help to delineate the role of BAT thermogenesis in controlling energy expenditure in humans. Based on reasonable assumptions, Virtanen et al. ([@B95]) estimated that annual energy expenditure associated with the submaximal stimulation of about 60 g of human BAT depot could burn more than 4 kg of body fat. Such an estimate is in line with that of Rothwell and Stock ([@B73]), who pioneered the view that active brown fat can have profound influence on human energy metabolism.

Conclusion
==========

Recent advances in our understanding of numerous brain pathways that drive the SNS outflow to BAT (Bartness and Song, [@B5]; Song et al., [@B85]; Bartness et al., [@B6]; Morrison, [@B51]; Richard and Picard, [@B69]) using sophisticated techniques like transneuronal viral retrograde tract-tracing have fueled the current interest in studying the brain systems involved in energy balance regulation (Bartness et al., [@B6]; Richard et al., [@B67]; Richard and Picard, [@B69]). One such system includes the brain metabolic melanocortin system, which acts via the activation of MC4R, thereby controlling energy expenditure while enhancing BAT thermogenesis (Ste et al., [@B86]; Butler, [@B8]). Numerous brain populations of MC4R mRNA-harboring neurons that are synaptically connected to BAT (Song et al., [@B85]) and WAT (Song et al., [@B84]) have been identified. Although the functional circuits involving these neurons in the control of BAT thermogenesis remain to be delineated, the available data supports a role of the PVH, PAG, POA. Future studies are warranted to further understand the role of melanocortin system and other neuronal pathways contributing to the regulation of SNS-mediated BAT thermogenesis.

The revitalized interest in understanding the role of BAT thermogenesis in obesity is largely due to the recent demonstration that BAT exists in substantial amount in adult humans (Nedergaard et al., [@B55]; Enerback, [@B20]; Nedergaard and Cannon, [@B56]; Ouellet et al., [@B61]; Richard and Picard, [@B69]; Yoneshiro et al., [@B99]). In addition, new sites (such as epicardial adipose tissue) exhibiting the presence of brown adipocytes are being recognized in humans. Our recent observations demonstrating that BAT is involved in non-shivering thermogenesis in humans (Ouellet et al., [@B60]), coupled with the observations that ^18^FDG uptake in BAT was blunted by aging and fatness tend to support the view that BAT-mediated thermogenesis is a critical player in human energy balance. Indeed, a better understanding of factors affecting the prevalence, distribution, and regulation of BAT thermogenesis would open up new avenues for intervening with human obesity.
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